1. The present paper reports complex neural activities in the monkey caudate nucleus that precede and anticipate visual stimuli and reward in learned visuomotor paradigms. These activities were revealed typically in the delayed saccade task in which memory and anticipation were required. We classified these activities according to their relationships to the task.
INTRODUCTION
It has been suggested that the basal ganglia are involved in cognitive functions (34), aside from their well-established motor roles. Rosvold and his colleagues (3, 11, 4 1) have shown that lesion of the caudate nucleus disrupts performance in delayed response or delayed alteration task, in which, for example, the monkey is required to remember the position of a hidden reward before retrieving it. The effect was comparable to that after prefrontal cortical ablations, especially in young animals (16) . Perseveration was apparent in the learning process of behavioral tasks (35) . Cognitive deficits are also common in basal ganglia diseases. Memory functions, sequencing operations, and organizational skills are impaired in Huntington's disease, which is characterized by a marked cell loss in the caudate nucleus (6, 12) .
In the preceding papers (17, 18) , we described caudate neural activities related to eye movements or sensory inputs. They were commonly dependent on the behavioral contexts in which eye movements were made or sensory stimuli were presented. In addition to such sensory or motor responses, we found more complex activities that preceded some of the sensory or motor events in a predictive manner. In this study, we attempted to characterize such "complex" activities by modifying behavioral paradigms to change the significance of particular sensory or motor events. The majority of the complex caudate activities are best described as related to expectation or anticipation. Others are thought to be related to visual fixation or reward.
METHODS
The same monkeys and the same experimental procedures were used as in Hikosaka et al. (17) . The same behavioral paradigms were used. In addition, variations of these paradigms were devised to characterize complex neural activities. Responses of a caudate neuron related to expectation of target cue. Top: appearance of a spot of light (T) was preceded by no specific change in activity if monkey was engaging in task to detect dimming of fixation point (F) (fixation task). Center: neuron increased its activity before onset of same spot of light (T) when it signified the future location of target (target cue) and monkey made a saccade after fixation point turned off (delayed saccade task). Bottom: onset of target cue was delayed and neural activity persisted until target cue onset. These experiments Activity types are classified in 3 levels. Task-related, number of all neurons that showed activity related to some aspects of tasks, including those related to saccades and sensory functions (see TABLE 1 in Ref. 17) . EXP/CUE, expectation of cue; SUS, sustained; EXP/TG, expectation of target; EXP/REW, expectation of reward; BF, break fixation; FIX, fixation-related; REW, reward-related.
water. The sequence was predictable in that the temporal relationship of task-related events, such as onset time of target cue and duration of fixation point, were fixed in each block of trials, unless otherwise stated. The position of the target was either chosen randomly from more than two different locations, alternated between two locations, or fixed.
We investigated the characteristics of neurons related to expectation in two ways. First, we modified the delayed saccade task by changing the time, randomness, or location of the task-related events. Second, we compared neural activity in the delayed saccade task with the activity of the same neuron in other simpler tasks to see if the activity was dependent on the behavioral significance of task-related events. REWARD-RELATED ACTIVITIES.
The monkey normally obtained reward by releasing his hand from the lever in response to the dimming of a spot of light. Another set of paradigms was devised to investigate neurons related to reward-obtaining behavior. In one paradigm, the monkey was rewarded if he simply kept fixating; in another, the monkey was rewarded if he made a saccade to a visual or remembered target. These tasks were designed to distinguish whether the neurons were related to motor acts to obtain the reward, visual fixation preceding the reward, or more abstract information that might be better described as related to expectation of reward.
FIXATION-RELATED
ACTIVITIES.
To investigate fixation-related activity we modified the fixation, saccade, and delayed saccade tasks (17) . We turned off the fixation point to see if the activity was also extinguished. We changed the position of the fixation point to see if the neural activity depended on the direction of gaze. We also examined if a neuron changed its activity depending on whether or not the spot was supposed to dim and thus were directly coupled with reward.
were done in a block of trials in which durations of stimuli were fixed. Target point was chosen randomly at each trial from 2 possible locations (contralateral and ipsilateral); only results of trials with contralateral target (20" from fixation point) are shown in this figure. Filled area at end of line T indicates a reward received when lever was released in response to dimming of target (depression of hatched area). H and V, examples of horizontal and vertical eye positions. Calibration line on the left indicates 50 spikes. s-' l trial-'; this applies to subsequent figures. Neural activity before T was significantly higher in delayed saccade task (center, bottom) than in fixation task (top) (P < 0.00 1, Mann-Whitney's U test). Contra H-V-I  IIIIIIIIIIIIIIIIIIIIl1rrrrrm~llllrrmllII~llIlllllIllll, ,,,,,l,,,,,,,~,,,,,,,,,,,,,,,~ 2RC-92 100 tlSEC lpsi H3 v r 1 FIG. 3. Caudate neurons can code an imaginary target position. After trials with contralateral and ipsilateral targets alternated, target cue went off for trials shown in this figure, but alternate sequence of targets was unchanged (top, contralateral; bottom, ipsilateral) . Monkey remembered sequence and made saccades correctly to predicted positions of target. Neuron started firing before fixation point came on and continued to be active during fixation period, but its activity was higher during contralatera1 trials. Neuron was nearly silent outside task.
RESULTS

ClassiJication of cognitive and reward-related neurons
In the monkey caudate nucleus, we found a class of neurons that became active at some stages of behavioral paradigms but without tight temporal relationships with sensory events or motor behaviors. We tentatively call this type of activity "cognitive" and divided it into several classes ( Table 1) . I) Expectation of cue (EXP/CUE) indicates the activity that preceded the appearance of a spot of light (target cue), which signified the future location of a saccade target. 2) Sustained activity (SUS) indicates the tonic activity that started after the target cue and lasted until the fixation point went off. 3) Expectation of target (EXP/TG) indicates the activity that preceded the appearance of a target point that the monkey could anticipate. 4) Expectation of reward (EXP/REW) indicates the activity that preceded a reward but was not related selectively to specific motor acts to obtain the reward.
We also found other task-related activities that might be linked more tightly to sensory-motor functions. 5) Visual fixation-related activity (FIX) was tonic activity continuing as long as the monkey attentively fixated a spot of light. 6) Reward-related activity (REW) was phasic activity timelocked to reward.
Characteristics of neurons related to expectation, reward, andjxation
Caudate neural activity may reflect internal processes by 4 . Sustained activity during fixation period. A: monkey remembered location of a target cue (T) while fixating on a central spot of light (F) (delayed saccade task). B: target stayed on before the monkey made a saccade to it (saccade with overlap task). In each experiment, target was randomized between a contralateral (top) and ipsilateral (bottom) location. Neuron showed sustained, spatially selective activity that was greater in delayed saccade task (A, top) than in saccade with overlap task (B, top). which the monkey expects or anticipates forthcoming events The activity shown in Fig. 1 , for example, preceded the onset of a target cue. In the fixation task (Fig. 1, top) , a spot of light (T) came on randomly either on the ipsi-or contralateral side while the monkey was detecting the dimming of a central fixation spot (F). The neuron increased its discharge rate just before and after the onset of F, but showed no activity in relation to T. In the delayed saccade task (Fig. 1, center) , one of the same peripheral stimuli (T) was used to indicate the future location of the saccade target. Discharges appeared before the stimulus T (target cue). The predictive nature of the neural activity became clearer when the onset of the target cue was delayed (Fig. 1,  bottom) . The activity continued until the target cue appeared. The summed histogram shows a peak that corresponds to the time when the target cue appeared in the previous experiment (compare with Fig. 1, center) .
For some neurons with activity predicting the occurrence of a target cue, there was, in addition, a response to the target cue (Fig. 2) . To detect these relationships, a target cue appeared randomly at either one of two locations, one contralateral and the other ipsilateral. Two components of activity were evident: one preceding the target cue (anticipatory activity) and the other following it (visual response). In the first block of trials (Fig. 24 , the anticipatory activity, which became clearer in later trials, was followed by the visual response after a contralateral cue (left), whereas it was truncated after an ipsilateral cue (right). When the target cue was delayed (Fig. 2B) , the visual response remained, but the anticipatory activity gradually declined. The location of the target cue was randomized in this experiment. -A question then arose: does this type of activity also anticipate where the cue would appear? In the next experiment we had two targets coming on alternately so that the monkey was likely to know the location of the next cue. The anticipatory activity turned out to be stronger before a contralateral cue than an ipsilateral cue (not shown), suggesting that the neuron anticipated stimulus location as well. The experiment shown in Fig. 3 further substantiated this conclusion. Here, a target cue was not shown while the trials remained alternated, and the monkey made saccades correctly to predicted target positions. The neuron showed tonic activity before and throughout the fixation period, and this activity was stronger in contralateral trials (Fig. 3 , top) than in ipsilateral ones (Fig. 3 , bottom) (P < 0.01). SUSTAINED ACTIVITY FOLLOWING TARGET CUE. A target cue turned on activity of some caudate neurons (n = SO), which persisted while the monkey was fixating before making a saccade. Included in this category were the neurons whose activity gradually increased and was abruptly terminated by the offset of a fixation point, as if expecting its offset. The activity was not specifically coupled with a saccade. This type of activity typically followed a contralateral cue (Fig. 4A, top) , not an ipsilateral cue (Fig.  4A, bottom) , as if holding spatial information.
To further examine if the activity was related to spatial memory rather than spatial attention, we performed another experiment (Fig. 4B ) in which the target stayed on until a saccade occurred (saccade with overlap task). When the target was on the contralateral side (Fig. 4B, top) , the tonic activity was weaker than the one seen in the delayed saccade task (Fig. 4B , bottom) (P < 0.01). Five out of six neurons thus tested showed the same result.
A number of neurons (n .= 109) showed tonic activity that preceded the appearance of a target . Figure 5 shows the salient features of this type of activity. When a spot simply stepped from the center (F) to a peripheral This type of activity was usually selective for the direction of the forthcoming target (Fig. 7) . In the first block of trials with a contralateral target (Fig. 7, top) , the neuron was tonically active during the gap period. The target was then changed to the ipsilateral side (Fig. 7, bottom) 7 . Spatial selectivity of target-expectation activity. A block of trials with position of target fixed at a contralateral point (20") (top) was followed by a block of trials with an ipsilateral target (also 20") (bottom). Target expectation activity, which was maintained throughout series of contralateral trials, gradually decreased to zero (last 3 trials) after changing to ipsilateral target. position (T) and the monkey followed it by making a saccade (first block of trials), no activity was present. When the offset of the fixation point was followed by a time gap (second to sixth block), the monkey made a saccade to the anticipated location of the target, and the neuron started discharging vigorously. The activity ceased on the appearance of the target point. If the time gap was further lengthened, the activity persisted during the entire gap period. Such tonic activity was not influenced by eye movements during the long time gap varied between trials (Fig. 6 ). The activity was unlikely to be a sensory response, because no obvious visual stimulus was present during the gap period. It was also unlikely to be related to body movements, because the monkey kept the lever depressed until the target became dim. Thus the activity seems neither sensory nor motor. It was more likely to be correlated with internal processes reflecting the fact that the monkey was expecting or waiting for the target to appear. On the appearance of a target after a long time gap, the monkey immediately refixated his gaze on the target by making a saccade (Fig. 6) , and the end of the tonic activity was largely time-locked to such a saccade. The targeting saccade would complete the expectation. Combination of target-expectation activity and visual response. Tonic activity anticipating target onset was followed by a phasic response to target onset; neuron showed no visual response otherwise. Time gap was 1.6 s (top), 2.6 s (center), and 3.6 s (bottom); experiments were done in blocks from top to bottom. Initial portion of tasks are compressed.
[in spikes/s (mean t SD)]: 18.1 t 7.3, 12.0 t 5.7, and 7.7 t 4.8. The time course of target expectation-related activity varied for different neurons. Figure 9 shows four examples. The first example was the most common one, starting after a saccade to the remembered position of the target. The others had a phasic component mostly time-locked to the saccade. The tonic component was either stationary (first and second), increasing (third), or decreasing (fourth). An additional component preceding the saccade may be present (fourth). eral, 7 in ipsilateral, 7 in upward, and 4 downward directions; the other 8 neurons were nonselective.
Thirty-two of the 109 neurons with target expectationrelated activity showed, in addition, a visual response when the expected target appeared (Fig. 8) . The activity during the gap period showed waxing and waning for different trials but was sustained on the average, whereas a second activity was time-locked to the onset of the target. The mean discharge rate during the gap period became lower as its duration became longer, i.e., from top to bottom Reward-expectation activity is not selective for reward-obtaining acts. Monkey obtained a reward (filled area on line T or F) by releasing lever in response to dimming of a fixation point (left), just by fixating spot (center), or by making a saccade to a target (right). A caudate neuron (same as in Fig. 10 ) showed similar tonic prereward activities in these conditions. Time of reward is indicated by an open triangle in left and right; it was simultaneous with offset of fixation point in center. E, schematic eye position; H, actual horizontal eye position.
shown in Fig. 10 was a typical example. In the saccade task (Fig. 10, top) , it started discharging with a saccade to a target (filled triangle) and continued to discharge until the monkey obtained a reward (open triangle). In the delayed saccade task with a long gap (Fig. 10, bottom) , the activity started after the target came on. The same results were obtained in 50 out of 56 neurons tested. The activity was not related to visual fixation per se, because few discharges were present while the monkey was fixating the fixation point (F). Results were not affected by changing the positions of these spots. The fact that the second spot (target), not the first one (fixation point), was coupled directly with a reward seemed to be most critical. Indeed, if the first spot (fixation point) itself became coupled with a reward, the same neuron discharged vigorously while the monkey was fixating the spot (Fig. 11, left) .
While fixating the target point, the monkey probably prepared for releasing his hand from the lever, and the cell activity might reflect the process of motor preparation. The experiments illustrated in Fig. 11 examined this possibility by changing the way in which the monkey was rewarded. In one situation (Fig. 11, left) , the monkey was rewarded if he released the lever in response to dimming of the fixation point, and the neuron stayed active until the reward. When the monkey was rewarded for simply fixating a spot of light, the neuron was still active (Fig. 11, center) . There was no statistically significant change in mean discharge rate during the fixation period. This suggests that the activity was not related specifically to preparation for hand movement. Similar results were obtained in 11 out of 14 neurons tested.
The tonic activity was still present when a reward was given if the monkey made a correct saccade to a newly appearing target (Fig. 11, right) . The tonic activity declined after several trials; a burst of discharges appeared after the onset of the target. In this case, it was the target rather than the fixation point that was coupled with a reward, the monkey perhaps becoming aware of the target after several trials. Using the same experiments as in Fig. 11 , similar results were obtained for 11 out of 14 neurons tested (see Fig. 13 , B and C, for the other 3 neurons).
The experiment shown in Fig. 10 suggested that visual fixation was not sufficient to induce discharges in these neurons. However, it was unknown whether visual fixation was a necessary condition. The experiments shown in Fig.  12 attempted to answer this question. We modified the fixation task (Fig. 12, left) such that the fixation point was blanked off earlier but appeared again already dimmed (Fig. 12, center and right) . The monkey kept the lever depressed until the target dimmed.
Although discharges stopped after the fixation spot disappeared, this was only a pause because activity resumed before the fixation point reappeared. Thus the fixation of gaze on a visual stimulus, although facilitator-y, was not indispensable. Similar results were obtained in eight out of nine neurons. The results in Fig. 12 might be interpreted as indicating that the neuron 14. Dependence of prereward activity on visual input. A fixation point was extinguished for 2 s before it appeared already dimmed. Activity started increasing during fixation but ceased when fixation point disappeared, resumed while fixation point was still off, and ended with a burst on appearance of dimmed spot. Open triangle, onset of reward. was responding to fixation of gaze on an imaginary spot. This could not be an explanation, however, because, as shown in Fig. 10 , bottom, this type of neuron did not increase its activity during the gap period in which the monkey was expecting the target point while often fixating his gaze on an imaginary, impending target. An alternative explanation for this type of activity is that the neuron had a combination of activity, one related to fixation of gaze and the other related to expectation of reward.
Neurons shown in Figs. 13 and 14 were selective for hand movement, unlike the ones in Figs. lo-12 . The neuron in Fig. 13A started discharging vigorously on the appearance of the final target and ceased its discharge just before a reward. However, the activity depended on how the monkey obtained the reward. The discharges were present in a lever release-rewarded task (Fig. 13B ), but were absent in a saccade-rewarded task (Fig. 13C) . The results suggest that this type of activity is related to preparation of hand movement. Similar results were obtained in 3 out of 14 neurons. When the duration of fixation period was fixed in a block of trials as shown in Fig. 13B , the activity started near the end of the fixation period as if predictively timed. If the fixation period was lengthened, the neuron started discharging later within a few trials, again nearly timed to the new fixation period.
A possibility remains, however, that the activity reflected actual muscle activity preceding the release of the hand from the lever, because we have not recorded electromyograms. Although this type of activity preceded and depended on hand movement, its magnitude was affected by the presence of a fixation spot. In Fig. 14, if the fixation point went off, the neuron stopped discharging temporarily but within a second reinstated the discharge that increased toward the reappearance of the spot. ACTIVITY RELATED TO REWARD. Neurons were found that showed a burst of spikes just at the time when the monkey obtained a reward by releasing his hand from the lever, and four examples are shown in Fig. 15 . For each neuron, spike activity was time-locked to the onset of reward; e.g., the spike activity largely preceded the reward onset in the neuron shown in Fig. 15A , whereas it followed it in the neuron in Fig. 15D .
To analyze the nature of the neural activity, we applied saccade-rewarded tasks for six of these neurons. When the monkey was rewarded by releasing his hand from the lever (Fig. 16, left) , a burst of spikes appeared just before and during the reward. The burst of activity was still present when a saccade to a visual target was rewarded (Fig. 16,  center ), but the burst followed the reward. Hand movement was no longer present, and yet the cell activity remained. Oral movement might then be a correlate for the activity. If this is the case, one would expect a similar activity even if the saccade was directed to a remembered target. Instead, the phasic activity was eliminated (Fig. 16, right) . The results in the other five neurons were similar although the onset of spike activity varied. It seems unlikely, therefore, that the spike activity was related to a specific movement. A fact common to the experiments in Fig. 16 , Zeft and center, was that there was a visual stimulus directly coupled with a reward, the dimming of fixation point or I  I  I1  I1  I  11  J  I  I  11  I  "  "" ZRC-88 100 MSEC the appearance of target, unlike in the third experiment ( Fig. 16, right) . This might suggest the sensory nature of the neural activity. Among eight neurons that showed postreward activity (as in Fig. 15D) , three responded to a reward given free outside the tasks. It should be noted that even such passive neurons may show anticipatory activity if the reward was given with a fixed interval or if the monkey obtained the reward in the behavioral paradigms, much like the activity preceding reward in Fig. 16 , center and right.
ACTIVITYRELATED TO VISUALFIXATION. Wehaveshown that most caudate neurons that were tonically active before reward were not simply related to visual fixation . Figures 17 and 18 show some exceptions. In the saccade task (Fig. 17, top) the neuron started discharging while the monkey was fixating the first spot of light (F), unlike the ones described above (see Fig. 10 ). The activity was interrupted when the monkey made a saccade to a new spot (T). If the fixation spot was blanked off and then appeared already dimmed (Fig. 17, bottom) , the neuron never reinstated its activity, unlike the previous ones (see Figs. 12 and 14) . The monkey looked away after the spot was blanked out, but refixated the position where the fixation point used to be and was going to be; still, no activity was observed. These features might suggest that the neurons responded to a visual stimulus onto the fovea; fluctuations of activity during fixation seen in In ZeJ, activity appeared unimodal and time-locked to reward, whereas in center or right, activity appeared to be composed of multiple components. Saccades were made to a target that had just appeared (center) or to a remembered target (right);
offsets of fixation point (F) are indicated by vertical bars. Open triangle, mean onset of saccades. 17 . Activity related to visual fixation. Top: sustained activity was interrupted by a saccade following a target step (filled triangle). Bottom: activity was abolished if a fixation point disappeared while monkey was still preparing to detect dimming of spot. Open triangle, onset of reward. sponding to the fluctuation, but failed to find evidence supporting this idea.
Such fixation-related activity was occasionally (6 out of 70) spatially selective (Fig. 18) . The neuron was active only when the monkey was fixating a spot within a limited area, in this case in the ipsilateral and upper directions. Some of the fixation-related neurons responded to a peripheral stimulus rather than a fovea1 one. For instance, a caudate neuron was active as long as the monkey was fixating a spot of light, but another peripheral spot of light, target cue, suppressed its activity if it appeared in the ipsilateral field.
ACTIVITY RELATED TO INTERRUPTED VISUAL FIXATION.
Visual fixation was the basic task for the monkey performing our behavioral paradigms. A task trial was aborted if the monkey was distracted by a visual stimulus and deviated his gaze from the fixation point by making a saccade, and this produced vigorous discharges in some caudate neurons. We classified such activity as related to breaking fixation (BF). The offset of a fixation spot or any saccade that was due in the course of the task evoked no activity in these neurons. The activity does not signify, in general, a failure in task performance, because no discharge occurred if the monkey released his hand too early or too late receiving no reward. What activated these neurons was (5) 0 (0) 1 (5) 0 (0) 0 (0) COG 3 15 75 (24) 78 (25) 1 (0) 51 (16) specifically the situation in which the monkey had made a neurons also showed similar but less compact distributions. saccade to a suddenly appearing target but could find it There were some differences among the subtypes, however nowhere.
( Fig. 20 , Table 2 ). For example, a statistical comparison of the mean Y-position (Student's t test) has shown that Locations of neurons related to expectation, reward, neurons with sustained activity (SUS) were significantly and fixation more posterior than those related to breaking fixation (BF), expectation of target (EXP/TG), and expectation of target Neurons with cognitive activities were found in the cen-cue (EXP/CUE) (P < 0.05). Neurons with fixation-related tral core region of the caudate nucleus extending rostroactivity (FIX) were more posterior than neurons with BF, caudally (Fig. 19) . Reward-related and fixation-related EXP/TG, and EXP/CUE (P < 0.0 1; tested for Y-position);
Cognitive Reward Fixation they were also more lateral than neurons with EXP/TG and BF (P < 0.05; X-position). Table 3 summarizes the locations of different types of caudate neurons. Task-related neurons were less scattered mediolaterally and dorsoventrally than neurons responsive outside the tasks: the variances of X-positions and Z-positions were smaller in task-related neurons (P < 0.005; F test). Among task-related neurons, cognitive (COG) neurons tended to be more anterior than saccade-related (SAC) and visual (VIS) neurons (P < 0.05; t test). Auditory (AUD) neurons, whether or not related to the tasks, were most common in the medialmost part of the caudate adjacent to the lateral ventricle; they were more medial than all of the other types (P < 0.01). Fixation-related (FIX) neurons were more lateral than neurons with SAC, VIS, AUD, and COG (P < 0.05). Neurons that were related to skeletal or orofacial movement (MOV) were found only occasionally in the area of the caudate close to its lateral edge.
Combination of activities in single caudate neurons
A large portion of the task-related neurons showed more than two different types of activities. How these activities FIG. 19. Locations of caudate neurons showing cognitive, reward-related, and fixation-related activities, projected onto horizontal (top) and sagittal (bottom) planes. Data were obtained in 1 hemisphere of a monkey. Profile of caudate nucleus is also indicated. Anterior is to left. AC (open star), anterior commissure; PC (filled star), posterior commissure. Area between 2 hatched lines indicate region of caudate nucleus that was surveyed (see Fig. 6 in the first paper, Ref. 17) .
are integrated may be of considerable functional significance. As indicated in Table 4 , the saccade-related activity and the visual response were sometimes combined: 20% of the saccade-related neurons in addition showed a visual response; 27% of visual neurons in addition showed a saccade-related activity. The task-related auditory response tended to appear singly; visual and auditory responses were never combined. Though not shown in this table, auditory responses detected outside the tasks showed the same tendency; only 19 of 86 neurons showed visual response as well. Such a segregation of visual and auditory responses was further substantiated by the differential localization of neurons with these responses (Table 3) .
The activity thought to be related to cognitive functions was often combined with saccade-related (24%) or visual (25%) activities. Visual fixation was a prerequisite for all the tasks, especially for detecting the dimming of the target spot. The majority of caudate neural activity related to visual fixation was not unconditionally related to it but was coupled with some cognitive components (7 1%) or heavily oriented to reward-obtaining behaviors (53%). In this sense, the fixation-related, cognitive, and reward-related activities were integrated in a given neuron rather than just combined. Table 1 2 (6) 0 (0) 0 (0) 3 (11) 6 (9 6 (16) 6 (17) 0 (0) 0 (0) 1 (2) 12 (15) 17 (16) 2 (4) 3 (9) 0 (0) 0 (0) 2 (7) 5 (8) 6 (16) 1 (3) 1 (2) 0 (0) 2 (4) ww 7 (6) 0 (0) 0 (0) 0 (0) 3 (3) 2 (3) 2 (3) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2) 17 (20) 2 (2) 4 (7) 1 (3) 9 (14) 6 (6) 5 (6) 2 (7) 0 (0) 0 (0) 0 (0) 1 (6) 3 (7) 7 (9) 7 (6) 0 (0) 0 (0) 6 (9) 6 (6) 6 (8) 0 (0) 0 (0) 6 (17) 3 (7) 0 (0) 4 (9) 3 (4) 6 (6) 1 (2) 0 (0) 0 (0) 6 (6) 1 (1) 0 (0) 0 (0) 6 (16) 6 (13) 1 (6) 13 (28) 13 (16) 4 (4) 1 (2) 1 (3) 0 (0) 0 (0) 1 (1) 0 (0) 0 (0) 3 (8) 6 (17) 1 (6) 7 (15) 6 (8) 13 (12) 4 (7) 0 (0) 3 (5) (3) 1 (2) 1 (2) 0 (0) 2 (2) 0 (0) 0 (0) 1 (2) 2 (3) 0 (0) 1 (1) 2 (3) 17 (17) 2 (3) 9 (11) 7 (9) 1 (4) 17 (63) 2 (7) 3 (5) Wl) 7 (11) 4(11) 3 (8) 6 (16) 13 (36) 13 (36) 4 (11) 7 (15) 6 (9) 13 (28) 1 (6) 0 (0) 2 (13) 12 (26) 5 (11) 12 (15) 2 (3) 5 (5) 2 (2) 2 (4) 9 (16) 1 (2) 0 (0) 1 (3) 3 (9) 4 (6) 2 (2) 0 (0) 4 (15) 0 (0) 1 (3) 1 (3) 4 (9) 0 (0) 2 (4) Wl) 1 (1) 4 (12) 2 (3) 3 (3) 0 (0) 1 (4) 0 (0) 0 (0) 1 (3) 0 (0) 0 (0) 0 (0) 1 (1) 3 (3) 4 (7) Combination between subtypes of saccade-related, visual, and cognitive responses. Numbers in parentheses indicate percentage of cells that showed another additional response. All abbreviations are defined in Table 3 . Table 5 showed detailed interactions between subtypes of saccade-related, visual, and cognitive activities. Visually contingent saccade activity (SAC/VIS) was often combined with visual responses, especially unconditional visual response (VIS/UNC) or saccade-enhanced visual response (VIS/SAC). On the other hand, memory-contingent saccade activity (SAC/MEM) tended to be associated with subtypes of cognitive activity. Memory-contingent visual response (VIS/MEM) and expectation-contingent visual response (VIS/EXP) were more often associated with cognitive activities with specific combinations: VIS/MEM and cue-expectation activity (EXP/CUE); VIS/EXP and target-expectation activity (EXP/TG). These results may point to the relative segregation of caudate activities into one related to visually guided behavior and the other related to memory-contingent, anticipatory behavior.
AF -
EXP0 (0) 0 (0) 0 6-o 0 (0) 0 (0) 1
DISCUSSION
Function of complex caudate activities
The caudate neural activities illustrated in this paper occurred before the events that constituted the behavioral tasks. Unlike a sensory response, their onsets were typically not time-locked to external events; they started rather ambiguously and grew robust until the events occurred. Therefore, they were unlikely to be triggered by the immediately previous sensory-motor events. Furthermore, the presence of these activities was strikingly dependent on the forthcoming events, not preceding ones: for example, they could be abolished by changing the behavioral significance of a forthcoming stimulus. This pattern would be expected if the activities reflected anticipation or expectation. A large group of caudate neurons were related to expectation of impending visual stimuli. We found two groups of neurons: one related to expectation of the target point that appeared after a long time gap, and the other related to expectation of a target cue that appeared while the monkey was fixating. Another group of neurons showed tonic activity preceding a reward that the monkey expected and prepared for.
At least three functions should be considered. First, the discharge of these cells might serve to prepare for overt motor acts. Our experiments have shown that most neurons were not related to a specific movement (as shown in Fig. 11 ). However, this does not necessarily indicate that they were unrelated to movement preparation. The information carried by these neurons might be delivered through the substantia nigra or the globus pallidus to different motor areas, including the superior colliculus, thalamus, and pontine reticular formation (1, 4, 32) , and, therefore, might not yet specify what kind of movement should be employed to obtain a reward. Second, the caudate neurons might facilitate a sensory response of the same neurons or the ones closely linked to them, in a predictive manner (as shown in Fig. 8 ). Such an interaction might take place inside the caudate via collaterals or inside the target areas of the caudate, as hypothesized for a type of substantia nigra visual response (20) . Third, the neurons might encode a current state of a sequential learned behavior as a component unit of a neuronal chain underlying the behavior; their activity would eventually be transferred to the following unit, thus allowing the progress of the behavioral sequence. This would be a purely internal neural process. These three possibilities, however, may not be mutually exclusive, because sensory, cognitive, and motor activities must cooperate to carry out the whole sequence of behavior.
Origin of expectation-related activity At least three cortical areas should be considered: the prefrontal association cortex, premotor cortex, and supplementary motor area. Close similarities in neural activity are found between the caudate nucleus and the prefrontal association cortex. Neurons tend to anticipate environmental events or animal's own motor acts, rather than respond to them. A lesion of the dorsolateral prefrontal cortex disrupts animal's performance in a variety of cognitive tasks (see Ref. 15, for review) , and a number of neurons in this area show activities related to such tasks (14, 23, 33, 52, 53) . Using a delayed oculomotor task similar to ours, Joseph and Barone (22) have found cell activities in the dorsal prefrontal cortex of the monkey that appeared quite similar to those seen in the caudate. One type of neuron showed discharges tonically that could be terminated by a cue stimulus. Another, more prevalent type showed tonic activity starting with or after a targeting sac-cade, as commonly seen in the caudate. The similarities suggest a strong influence of the prefrontal cortex on caudate neural activities. Anatomic studies support this view (2, 37, 46) .
In the monkey arcuate premotor cortex, Mauritz and Wise (29) found striking examples of neurons related to expectation of predictable external events. The monkey performed a visually guided motor task in which an instruction stimulus was given to indicate the target position, and with a further time delay, a trigger stimulus was given so that the monkey was allowed to execute a limb movement aiming at the target. The neurons became active before either the instruction stimulus or the trigger stimulus, depending on the predictability of the events. The premotor cortex is known to project to the putamen (24), but its projection to the caudate is limited to its lateral part (46).
The supplementary motor area is another candidate. By having the monkey perform key-press movement tasks, Tanji and Kurata (49) compared neural activities in the precentral motor cortex and those in the supplementary motor cortex; auditory or tactile stimulus was used as a triggering or nontriggering signal in an exchangeable manner. If the nontrigger stimulus was omitted, some of the supplementary motor cortex neurons increased their activity during the period when the nontrigger signal might have been given. The supplementary motor area, especially its anterior part, is known to project to the caudate (46), and its anterior extension, supplementary eye field, is involved in voluntary eye movements (44).
Visualjixation and reward expectancy
The caudate cell activity thought to be related to expectation of reward occurred at the final stage of the task. We showed its relative, not absolute, dependency on visual fixation and its dependency on the subsequent reward. In our tasks the effort to obtain reward is deeply rooted to the single act, fixation on a spot of light. Hence it may not be surprising if fixation and reward expectancy were almost inseparable at the level of single neurons. Several brain areas are known to contain neurons that become active when the animal fixates its gaze on a visual stimulus. "Fixation neuron" is a prominent neuronal type in the monkey parietal cortex, which was first described by Mountcastle et al. (3 1) . They differ from the caudate neurons in several respects, with a few exceptions (Figs. 17 and 18) . First, the parietal neurons were less dependent on what the monkey expects from the fixated stimulus: in the experiment analogous to our saccade task, they started firing on the appearance of the first spot, with the vigor equal to the second, to-be-dimmed spot (27), quite unlike the majority of the caudate neurons. Second, most of the parieta1 fixation neurons changed their activity depending on eye position (42), which was only occasionally seen in the caudate neurons (Fig. 18) . Third, the caudate neurons seemed less dependent on the presence of a visual stimulus on the fovea than the parietal ones (38). Although the caudate neurons also stopped firing when the stimulus went off in the middle of fixation, most of them resumed their activitv shortlv. if a reward was expected on the reappearance of the stimulus. In addition, whereas the parietal fixation neurons stopped firing transiently with refixating saccades, most caudate neurons showed an increase, if any. In sum, the caudate neurons are more dependent on monkey's subsequent behavior in which the visual stimulus is used to obtain reward.
The inferior dorsolateral area of the prefrontal cortex is another area related to visual fixation, as demonstrated by Suzuki et al. (48) . By having the monkey fixate either on an actual visual stimulus or on its position in the absence of the stimulus, they found a wide spectrum of neurons in terms of the dependency on the fovea1 visual stimulus, from the ones heavily dependent on the stimulus to those independent. The size, intensity, or position of the stimulus little affected the neural activity (47), unlike the parietal neurons (38) but similar to the caudate neurons. Similar fixation-related neurons were found by Schlag and Schlag? Rey (43) in the intralaminar thalamic nuclei, intermingled with saccade-related and other visual neurons. As seen in the caudate neurons, many of the thalamic neurons were independent of whether the monkey, to obtain a reward, simply maintained the fixation or subsequently released his hand from the lever on the change in stimulus shape. Unlike the caudate, a number of cells were found in these areas that showed a tonic decrease in their activity during the visual fixation; such neurons prevailed in the intralaminar thalamic area (43). These results suggest that the inferior dorsolateral prefrontal cortex and the intralaminar thalamic nuclei might contribute to the formation of the fixation-or reward-related activities in the caudate nucleus.
Relation to substantia nigra cell activity As discussed in the preceding papers (17, 18) , the substantia nigra is one of the likely sites for which the caudate expectation-related signals are destined. However, similar neural activities have not been described in the substantia nigra. Such complex neural activities might have been undetected in a previous series of studies (19-2 1) that concentrated on sensory-oculomotor properties of nigra neurons. Alternatively, the expectation-related activities in the caudate may condition or modulate sensory/motor activities, thereby making them highly dependent on behavioral contexts. This could occur within the caudate or along with the caudate-nigral transmission. Thus the memorycontingent visual response (VIS/MEM) in the substantia nigra (2 1) or in the caudtite ( 18) may be a visual response conditioned by the activity related to expectation of cue (EXP/CUE); the memory-contingent saccade response (SAC/MEM) in the substantia nigra (21) or in the caudate (17) may be extracted from the activity related to expectation of target (EXP/TG). A similar scheme may be applied to the nonfixation-contingent visual response (VIS/NFIX) (20) whose analogue has been found also in the caudate termed expectation-contingent visual response (VIS/EXP) (18). It could be speculated that the caudate expectationrelated activities raise the responsiveness of the nigra neurons before the stimulus appears and, therefore, the resultant response becomes enhanced. Comparison with other studies
In contrast to the prevalent view that the basal ganglia are largely involved in motor function ( lo), cell activity apparently related to a movement was infrequent in the caudate nucleus, except for the saccade-related ones (17) . Rolls et al. (40) have presented striking evidence that activities of monkey caudate neurons were dependent on the performance of a go/no go visual discrimination task. In some cases, a task trial was preceded by a visual or auditory cue; or the monkey himself initiated the trial by pressing a panel. Some of the caudate neurons started firing with the event that initiated the trial, whether the monkey's arm movement, the cue stimulus, or the presentation of stimuli to be discriminated, and the activity continued until the reward was given; it ceased if no-go stimulus was presented. This activity was dependent on the anticipated consequence of the monkey's performance, much like the expectation-related activity described in this paper. The activity might appear a sensory response, but it was contingent on the behavioral significance of the stimulus rather than its physical quality. Roland et al. (39) have shown that the regional oxidative metabolism is significantly increased in the anterior striaturn, in addition to the prefrontal and parietal cortices, while the subject was visually imagining to follow a specific route in familiar surroundings, suggesting a role of the basal ganglia in purely mental processes. This finding may have some relevance to our results: the monkey may well have the imagery of a visual stimulus while expecting its appearance. Alternatively, the high metabolism may reflect neural activities accompanied by saccadic eye movements to imaginary objects, much like the saccade to remembered target (see the first paper, Ref. 17) .
DeJicits in complex behavior by caudate lesions
Our study suggested that the caudate nucleus is part of the neural mechanism by which the next event is predicted, and the next movement is prepared. This supports the hypothesis proposed by Marsden (28) that the basal ganglia are instrumental in running the sequences of motor programs to complete a motor plan. The behavioral deficits caused by the dysfunction of the caudate would then be manifested in complex, serial movements rather than simple ones. Each step in a complex movement causes a change in environment, and a naive subject must decide the next component of movement, taking into account the environmental change that is given as a sensory input. If the brain can predict the environmental changes and can prepare for a movement beforehand, such a complex chain of input-output interactions could largely be substituted for by the chain of internal information that would virtually keep up with the flow of external events. Without the normal function of the caudate, as a part of such a neural mechanism, a complex movement would be hindered at each step before the input-output calculation is completed; the subject would suffer from awkwardness of movement and would have to pay great attention to the ongoing input-output processes.
Relevant to this prediction is a finding on Parkinson's patients by Flowers (13) . Subjects were asked to track a moving target on the screen by manipulating a handheld joystick; target movement was sawtooth-like and predictable. If the target was blanked out for a short period, normal subjects could track the invisible but still moving target, but Parkinson's patients could not. By having subjects follow predictable steps of a visual target with saccades, Bronstein and Kennard (7) showed that normal subjects kept up with or even led the target steps by making saccades in a predictable manner, whereas eye movements of Parkinson's patients tended to be delayed.
That 'parkinsonian patients have difficulty in executing two different movements simultaneously is well known, since the discovery of Schwab et al. (45) . This peculiar phenomenon might be explained in a similar way: normal subject would let the internal chain of information for movement A work while he would concentrate on the sensory-motor process of movement B or would do so interchangeably between A and B, thus carrying out movement A and B simultaneously; the parkinsonian patients would not be able to do so. It is thus generally agreed that parkinsonian patients have difficulty in executing complex, serial movements. Benecke et al. (5) clarified the details of this aspect of disorder by having the subject perform two different movements in sequence: the second movement of the patients was delayed and slower than if executed independently.
The caudate nucleus may also play an important role in sequential organization of social behaviors, as demonstrated by Van den Bercken and Cools (5 1): intracaudate injection of cholinergic drugs changed the likelihood of whether the current behavior of a treated monkey depended on his own preceding behavior or on the preceding behavior of another monkey acting as a partner.
If the caudate nucleus is part of the neural mechanism by which sequential motor patterns are guided, neural activity artificially induced in the caudate would disrupt the pattern, thus aborting'an ongoing learned behavior. In fact, the arrest of an ongoing movement is a typical effect seen following electrical stimulation of the behaving animal (9, 25) . Cohen (8) showed that intracaudate stimulation, delivered while the monkey was performing a delayed visual discrimination task, would disrupt its performance, provided the stimulation was delivered in the delay period, not in the period when the visual stimuli were presented. A similar arrest effect was seen following stimulation of the supplementary motor area (36), suggesting the cooperation of this cortical area and the basal ganglia in organizing sequential learned behaviors.
Employing a variety of perceptual-cognitive tasks, Taylor et al. (50) concluded that parkinsonian patients, while their memory and visuospatial abilities were largely intact, showed relatively selective deficits in generating efficient strategies relying on self-directed, task-specific planning; this is in line with our observation that caudate neurons showed the activities related to the expectation of task-specific events. The deficits were typically revealed using the Wisconsin Card Sorting Test (also Ref. 26 ) and were similar to the ones following the lesion of the prefrontal cortex
